Density functional theory simulations with conventional (PBE) and hybrid (HSE06) functionals were performed to investigate the structural and electronic properties of MXene monolayers, Ti n+1 C n and Ti n+1 N n (n = 1-9) with surfaces terminated by O, F, H, and OH groups. We find that PBE and HSE06 give similar results. Without functional groups, MXenes have magnetically ordered ground states. All the studied materials are metallic except for Ti 2 CO 2 , which we predict to be semiconducting. The calculated density of states at the Fermi level of the thicker MXenes (n 5) is much higher than for thin MXenes, indicating that properties such as electronic conductivity and surface chemistry will be different. In general, the carbides and nitrides behave differently with the same functional groups.
I. INTRODUCTION
The study of two-dimensional (2D) materials is a topic of current interest, not only for their unique properties 1-3 compared with their three-dimensional (3D) counterparts, but also for their important applications to industry and engineering [4] [5] [6] [7] . Over the years, despite many experimental efforts on 2D materials, only a few classes of freestanding single-layer 2D materials have been successfully synthesized. Among them, the very first and most fascinating one is graphene 1 which is prepared from exfoliated graphite. Other graphenelike materials, such as hexagonal BN and dichalcogenides, are synthesized by exfoliation of their 3D-layered precursors. [8] [9] [10] Normally, these compounds are considered as van der
Waals solids due to the weak interaction between layers, making them able to be exfoliated.
Alternatively, the synthesis of freestanding 2D monolayers from 3D-layered solids with strong interlayer bonds is more difficult.
Very recently, a new family of 2D materials was prepared by the exfoliation of the layered ternary transition metal carbides, which are known as MAX phase 11, 12 . The latter is a large family of layered solids, including ternary transition metal carbides, nitrides, and carbonitrides, with more than 70 members. The MAX phases usually possess unique properties, such as remarkable machinability, high damage tolerance, excellent oxidation resistance, and high electrical and thermal conductivity, with various industrial applications. [13] [14] [15] These solids have a general formula of M n+1 AX n (n = 1, 2, 3, · · · ), where "M" is an early transition metal, "A" represents the main group elements (mostly group IIIA and IVA), and "X" denotes C and/or N. MAX phases adopt hexagonal structures (space group P 63/mmc), and their structures can be viewed as inter-growth structures consisting of hexagonal M n+1 X n layers and planar A atomic sheets with alternative stacking along the c direction. The crystal structure of M 3 AX 2 is shown in Fig. 1(a) as an example. In general, the MAX phases are quite stable. However, compared to the strong M-X intralayer bonds, the inter- (Ti 0.5 Nb 0.5 ) 2 C, and (Ti 0.5 Cr 0.5 ) 2 C, have been prepared by exfoliation of the corresponding carbides and carbonitrides. 17 Notably, due to the large number of MAX family, it is predictable that more MXenes will be synthesized by exfoliation of their corresponding MAX phases.
Several studies [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] have been conducted to understand the properties of these newly discovered graphene-like MXenes. It has been shown that these materials are good electri- 
The PBE exchange term is split into a short range (sr) and a long-range (lr) part. Then, 25% of short range part is replaced by a short range Hartree-Fock term. The correlation part of PBE is not changed. The screening parameter in HSE was fixed at a value of 0.2Å
. This functional obtains improved formation energies and more reliable band gaps than PBE, 30, 33 and is therefore better able to identify stable structures and the metallic or insulating character of the MXenes.
A plane wave cutoff energy of 580 eV is sufficient to ensure the convergency of total energies to 1 meV per primitive cell. The underlying structural optimization are performed using the conjugated gradient method, and the convergency criterion was set to 10 
III. STRUCTURAL MODELS
In order to examine the evolution of the electronic properties of MXenes, we have studied the structural, magnetic, and electronic properties of a series of carbides Ti n+1 C n and nitrides Ti n+1 N n , with n up to 9. The 2D MXenes are constructed appropriately by removing "A" atoms from their bulk MAX phases ( Fig. 1(b) ). It is noteworthy that, for the parent MAX phases we used, the (Ti n+1 AlC n , n = 5, 7-9, and Ti n+1 AlN n , n = 2, 4-9) are built up by following a generalized modular building principle proposed by Etzkorn and co-workers. 11 The calculated lattice parameters of all studied MAX phases are shown in Table I and compared with available experimental data 14,34-38 and previous theoretical results 25, 39, 40 . The consistency of the results in both experiment and theory make us confident for further studies. Notably, it has been reported that the surfaces of MXenes are covered with oxygen-containing groups, such as OH, and fluorine, F. 16 As a consequence, the chemistry of exfoliated MXenes is expected to be closer to the functionalized MXenes than the bare material. It also could be possible to create O-termination surfaces by post-processing of OH-terminated systems.
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TABLE I. Calculated PBE equilibrium lattice parameter (a, c, and c/a) for MAX phases in comparison with available experimental data and previous theoretical results. Moreover, the hydrogen-terminated graphene has been studied extensively due to its unique properties. 41 Therefore, in our studies, we have considered that the surfaces of MXenes are fully terminated by F, O, H, and OH, with a general formula of Ti n+1 X n T 2 ( X = C, N, and T is the terminations). Note, for MXenes extracted from the unknown MAX phases, only the fluorine termination has been studied. According to the geometry of the MXenes, the functionalized MXenes are built up with three major possible configurations: (I) all the functional groups are located above the hollow site of three neighboring C/N atoms and pointed to the Ti atoms in the second Ti atomic layer on both sides of MXenes; (II) all the functional groups are located on top the topmost sides of C/N atoms on both sides of MXenes; (III) is a combination of (I) and (II), in which one functional group is located on top of the hollow sites of C/N atoms on one side and another one locates above the top sites of C/N atoms on other sides. These models are shown in Fig. 2 . We perform full geometry optimization for each of these structures.
IV. RESULTS AND DISCUSSION

A. Structural properties
We first check the relative stability of the different structural models. The PBE total energy differences (relative to configuration I) of all configurations and terminations are listed in Table II . Configuration I usually has the lowest total energy indicating it is energetically more favorable and the configuration III normally has the highest energy. This is quite understandable, since Ti atoms are the main electron donors and the functional groups are more likely to bond with Ti atoms than C or N atoms. However, there are several exceptions. For Ti 3 N 2 F 2 , configuration II has the lowest energy; whereas for Ti 4 N 3 (OH) 2 and Ti 7 C 6 H 2 , the configuration III is more stable. We also notice that the relative total energy differences are not very sensitive to increased layer thickness and oxygen always has the largest differences among the four functional groups for both carbides and nitrides.
Moreover, the energy differences of nitrides are smaller than carbides. In general, our results are consistent with previous reports.
22,24
We then proceed to investigate the ground-state structural properties of the functionalized MXenes. Some of the calculated equilibrium lattice parameters a, thickness of the 
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The total magnetic moment of carbides and nitrides as a function of n are presented in Fig. 3 . As we can see, carbides and nitrides show a different behavior. The total magnetic moment of carbides increases from 2 to 3 µ B , while in nitrides the total magnetic moment fluctuates around 1.2 µ B . Upon functionalization, the magnetism of MXenes disappeared.
With the appropriate ground-states, we can now move to study the electronic properties of functionalized MXenes. We first examine the electronic properties of the thinnest Ti 2 XT 2 monolayers. The calculated PBE and HSE06 band structures of Ti 2 XT 2 monolayers are shown and compared with pure MXenes and parent MAX phases in Fig. 4 . The PBE and HSE06 functionals give the similar results, and all of these materials are metals, with the notable exception of Ti 2 CO 2 . PBE functional predicts a band gap of 0.24 eV for Ti 2 CO 2 , while the gap is widened to 0.88 eV by HSE06 hybrid functional. Since HSE06 is expected to be more reliable than PBE for band gaps, we predict a near 1eV band gap for this material.
Unless specifically mentioned, the following results are all calculated with HSE06.
By examining the band structures near the Fermi level, we find that the Fermi energy shifts down after removing Al atoms from MAX phases, and then it shifts down in energy again after the MXenes surfaces are terminated (Fig. 4) . To give a better description of the electronic properties, the partial density of states (PDOS) of these materials are shown in band B is equally contributed by Ti 3d, C 2p, and O 2p orbitals. The strong hybridization of Ti 3d-C 2p and Ti 3d-O 2p is responsible for the semiconducting behavior of Ti 2 CO 2 .
Since the N(E F ) is very important for the surface chemistry of layered materials, the evolution of the value of N(E F ) of functionalized MXenes as a function of n has been studied and is shown in Table IV . Firstly, we notice that starting from n = 2, the carbides with oxygen termination are metals. By looking at the PDOS Ti n+1 C n O 2 (Fig. 6) , it is clear that the contribution of O 2p orbitals to band B decreases as n increased. Starting from n = 2, Band B is dominated by mixed Ti 3d and C 2p bands and connected with band A , which is similar to the case observed in MAX phases. Therefore, the weaker Ti-O coupling in energy states B results in the metallic phase of Ti n+1 C n O 2 . Secondly, we find that, for carbides, the fluorine terminated MXenes have the largest DOS at Fermi level and the oxygen terminations have the lowest one, while it is opposite for nitrides. Thirdly, there is a clear trend that, for both carbides and nitrides covered with functional groups, the value of N(E F ) increases with increased n. For instance, taking fluorinated MXenes as an example, N(E F ) of Ti n+1 C n F 2 is around 2 for n 3, then it increases rapidly from 2.013 (n = 3) to 7.284 (n = 5) , which is about 3.5 times higher. It decreases slowly to 5.248 (n = 9), which is still 2.5 times higher than the thinnest MXenes. Alternatively, N(E F ) of Ti n+1 N n F 2 continuously increases from 0.941 (n = 1) to 8.107 (n = 9), which is about 8 times higher. The similar behavior is also observed in MXenes with other functional groups.
The huge difference of N(E F ) between the thin (n < 5) and thick (n 5) functionalized
MXenes implies their surface properties should be very different and the thick layers may have higher chemical activity. The conductivity is expected to be similarly effected.
To better understand the trend, we examine the PDOS of Ti n+1 X n F 2 as a function of n as shown in Fig. 5 and compare it with bulk titanium carbide (TiC) and nitride (TiN). One can observe that at n = 1, the peak of the conduction states is about 2 eV above the Fermi level for both carbide and nitride. This can also be seen from the band structures (Fig. 8) .
We also find that, for carbide, there are energy bands crossing the Fermi level along all the high symmetry directions of the Brillouin Zone. However, the energy bands only cross the Γ-M and K-Γ directions in nitride. This could be the reason that N(E F ) of Ti 2 NF 2 is about half of Ti 2 CF 2 . With increasing n, the Fermi level shifts down continuously and there are more bands forming near the Fermi level (Fig. 8 ) related to the Ti-C coupling (Fig. 7) .
For carbides, we observe a sharp narrow DOS peak appears around 0.5 eV above the Fermi level at n = 3, corresponding to the less dispersed band along the Γ-M-K direction ( Fig.   8(a) ). This peak shifts down and come across the Fermi level at n = 4, where we start to the Fermi level ( Fig. 8(a) ). Moreover, there are fewer bands cross the Fermi level in the K-Γ direction. Although a new band is approaching the Fermi level, the value of N(E F ) is still decreased. For nitrides, we don't see the sharp narrow DOS peak as well as the flat band above the Fermi level as in carbides. Due to the shifting down of the Fermi level, the bands start to cross the M-K direction at n = 2, and steadily increasing numbers of bands cross the Γ-M and K-Γ directions as n increases. Therefore, we observe a continuous increasing of N(E F ) in nitrides. We should point out, for n = 5, and 7, the Fermi level is located in the bottom of a small valley, so the N(E F ) decreases a little compared to other nitrides. Moreover, the DOS of carbides and nitrides show some characters as of bulk TiC and TiN when n 7. However, the contribution of C 2p orbital near the Fermi level is more significant in the thicker MXenes than bulk. Thus, the thicker MXenes can still be considered as 2D materials.
V. CONCLUSION
In summary, we have systematically studied the structural and electronic properties of functionalized Ti n+1 C n and Ti n+1 N n with n up to 9, using PBE and HSE06 functionals. We show that both PBE and HSE06 predict very similar structures and electronic structures. 
